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Abstract 
 
The use of modified drop plate technique (MDPT) for aerobic cell enumeration together with 
sigmodial-type model simulation was proposed as an effective method to select suitable substrates 
(i.e., carbon and nitrogen sources) to maximize Salmonella typhi growth. This technique was able to 
accelerate the optimization of a medium recipe that allows a microorganism to grow at its best using 
a suitable enrichment medium. The modified drop plate utilized only 0.3 ml of agar substrate and 5 
µl of inoculum. The incubation conditions were identical to the spread plate technique (37oC); 
however, the detection time was significantly reduced from 18-24 h to only 8-10 h.  The faster time 
to detect colonies was assisted by the use of a digital microscope and image analysis software. The 
comparison of the total plate count obtained from the modified drop plate (MDPT) and the spread 
plate technique (SPT) showed the equivalent number of final colony counts. This developed 
enumeration of forming colonies under the aerobic plate cultivation assisted by the use of a 
mathematical model (i.e. a logistic model) facilitated the counting method and also reduced the 
lengthy analytical time to optimize non-selective enrichment substrates for Salmonella typhi 
growth. Several key kinetics parameters, including the maximum specific growth rate (µmax), were 
extracted and compared among different enrichment broths. The results indicated that TSB and 
BPW supported the better growth of Salmonella than LB and NB. This was indicated by the higher 
values of the maximum specific growth rate (µmax) and achievable final cell concentration. It was 
surmised that the buffer system was able to stabilize the acidity, allowing the cells to grow at the 
most optimal condition.  
 
Keywords: Salmonella spp., colony counts, micro-inoculation, logistic model, non-selective 
enrichment broth, Thailand. 
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Introduction  

Salmonella is widely considered one of the most serious pathogenic contaminants present in 
products derived from poultry, eggs and meat. Occasionally this lethal pathogen can cause 
widespread disease outbreaks that have been documented in many countries all over the world [1, 
2]. The US Centers for Disease Control and Prevention (CDC) recently reported Salmonella 
outbreaks were responsible for approximately 43,000 cases of food-transmitted salmonellosis (with 
a loss of 2.7 billion$ annually) [3]. It is conceivable that the lack of inexpensive and fast Salmonella 
test kits contributes to high death tolls [4]. The popular standard analytical method (e.g, ISO 6579, 
Bacteriological Analytical Manual, etc.) still requires a lengthy analytical time, usually a minimum 
of 4 days and several additional days for the confirmation of presumptive results [5, 6]. The general 
protocol entails numerous enrichment and isolation steps; none of which is considered absolute. In 
the actual industrial food safety application, the majority of the food samples analyzed return 
negative results. There are demands for disruptive measures in reducing analytical time and 
providing cost effective protocols. Also the development of such measures should extend to 
confirmation of potentially positive results [7]. 

The standard detection protocol of Salmonella requires three essential steps: pre-enrichment, 
selective enrichment and plating. The key factor to increase the chance to detect Salmonella, 
especially injured cells resulting from processing stresses such as heat, cold, or dehydration, is the 
development of effective non-selective enrichment. A variety of enrichment substrates have been 
recommended for resuscitation of the injured cells [8, 9, 10]. In particular, lactose broth and 
buffered peptone water are among a few recommendations suggested for the pre-enrichment of sub-
lethally injured salmonellae from dried and frozen food products as well as frozen meat samples 
[10, 11]. In this study, MDPT was proposed for fast S. typhi enumeration and detection. The new 
protocol can also be used to optimize growth substrates and study the growth kinetics of Salmonella 
cultivation.  

Materials and Methods  

Microorganism and preparation of inoculum 
S. typhi was obtained from the culture collection of Department of Microbiology, King Mongkut’s 
University of Technology Thonburi, Thailand. Cultures were maintained by monthly transfer on 
tryptic soy agar (TSA, Difco) slants and stored at 4+1ºC. After two successive transfers of the stock 
culture on TSA at 37ºC for 24 h, the activated culture was inoculated into 100 ml of tryptic soy 
broth (TSB, Difco) and incubated at 37ºC for 16 h at a shaking speed of 200 rpm. The cell-free 
supernatant was recovered by centrifugation (8000xg, 4ºC, 10 min), then washed twice with 0.01 M 
phosphate buffered saline (PBS, pH 7.4). The washed cells, suspended and diluted in PBS to ca log 
3 CFU/ml, were used as the inoculum for comparing growth in standard enrichment broths.  

Bacterial cell enumeration and validation in micro-scale cultivation 
S. typhi activated pure culture was recovered in 100 ml TSB contained in a baffled flask at 37ºC for 
16 h. Cells were harvested, washed and suspended in PBS to ca log 9 CFU/ml. These initial washed 
cell suspensions were enumerated by both the conventional spread plate technique (SPT) and 
proposed MDPT on TSA. The cultivation volumes were reduced from the normal volume of 100 ml 
(SPT) to only 5 µl (MDPT) and the agar utilization per sample was around 0.3 ml on agar in the 
covers of 96-well plates. All the samples were kept in a hot-air incubator at 37+2ºC. Colony 
expansions and cell amplifications on the 96-well microplate covers were detected and captured 
using a reflected light microscope equipped with a CCD camera (Figure 1) during incubation over 
24 h compared with the traditional spread plate method. The ability of MDPT and SPT to detect 
colony formation was also compared at different initial cell concentrations (0-8 log CFU/ml) using 
microscale technique. 
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Figure 1. Image acquisition prototype of MDPT. 

Comparison of standard enrichment broths 
Various standard enrichment media for Salmonella (nutrient broth; NB, lactose broth; LB, buffered 
peptone water; BPW and tryptic soy broth; TSB), as specified by BAM, AOAC, FSIS, ISO etc., 
were evaluated to determine the effect of different media recipes on growth profiles of S. typhi at 
37ºC. Growth curves were determined after a specific period of cultivation up to 24 h using 2 
enumeration methods (the spread plate and modified drop plate technique). 

Determining the growth kinetics using the mathematical model 
The mathematical model (equation 1) has been successfully employed to predict the growth kinetics 
in batch cultivation including the maximum specific growth rate (µmax), the inflection time (ti) [12, 
13]. 

                                                                 (1) 

where: x(t) is the cell concentration at any time (CFU/ml) of, t; xo is the initial concentration 
(CFU/g); b is the maximum relative growth rate at t=N (h−1); N is time at which the absolute growth 
rate is maximum (h). The parameter b can be used to define the specific growth rate of the growth; 
µmax [14]. 

Statistical analysis 
All data were analyzed at p<0.05 for significant values by ANOVA and Duncan’s multiple range 
tests [15]. 

Results and Discussion 

Bacterial cell enumeration and validation in microscale cultivation 
Microscale cultivation was developed to substitute for the conventional cell count method (SPT). 
This technique was modified from the drop plate technique with the goal to fasten the colony count 
estimation and lower the associated analytical expense. The MDPT was compared to the common 
spread plate colony count. To verify the technique, S. typhi culture was prepared at approximately 9 
log CFU/ml and applied to both MDPT and spread plate experiments for cell count. The SPT 
utilized the conventional petri dish format whereas the MDPT made use of a 96-well plate cover.  
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The results showed that when applying the MDPT, the time to detect Salmonella colonies was 
shortened to within 8 h (Figure 2). At this particular hour, no colonies were visually detected in the 
spread plate experiment. It took up to 16 h for the spread plate colonies to be visually detected and 
18-24 h to achieve a steady cell count. Approximately, the detection time of the SPT lagged 8-14 
hours behind that of the MDPT. 
 

 

Figure 2. Number of S. typhi colonies in log CFU/ml enumerated by 2 methods (SPT and 
MDPT) during incubation time for 24 h. 

Bar values with the same color but with different lowercase letters differ significantly. Bar values at any incubation time 
with different uppercase letters differ significantly (Duncan’s multiple range test (p< 0.05)). 

 
However, the colony count at the 8th hour from the MDPT was significantly less than the final 
approachable number (Figure 2). The MDPT required at least 10 hours for the colony count to be 
stabilized statistically (Table 1). Noting that this particular experiment was performed using active 
cells, the actual time for a steady cell count must be investigated case by case. The final cell count 
from the MDPT and the spread plate technique using the same stock culture was not statistically 
different at the 95% confident level.  
 
The comparison of the SPT and MDPT detection on different concentrations of Salmonella was 
performed and the results were used to construct a standard curve as shown in Figure 3. The stock 
culture was prepared from 0 to 8 log CFU/ml. The MDPT returned practically identical cell counts 
as performed by the SPT. The slope of the standard curve was 0.9985 and the relative coefficient 
(r2) was 0.9793. The variation of cell count values was very narrow except at the very low 
concentration. At the 2 log CFU/ml, the cell count variation was larger than at higher concentrations 
since the MDPT was performed in the proximity of its lower detection limit. At the 1 log CFU/ml, 
the MDPT exceeded its detection limit; hence, the method showed a zero cell count. The inoculum 
size of the MDPT was only 5 µl as opposed to 100 µl in the SPT. There were two orders of 
magnitude difference inherently associated with the inoculum size. This MDPT was previously 
applied to enumerate various strains of bacteria, for example Listeria spp. and E. coli [16-17].   
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Table 1. Comparison between the proposed MDPT under constructed light microscope and 
conventional SPT detected by human visualization. 
 

Enumeration  
method 

MDPT SPT 

 

 

Time to detect (h) 10-12 18-24 

Number of S. typhi* 
(log CFU/ml) 9.85+0.25A 9.77+0.18A 

*Values in the same row with different letters differ significantly according to Duncan’s multiple range test (p < 0.05). 

 

Figure 3. Comparison of a conventional SPT and MDPT method in S. typhi enumeration on 
TSA after incubation at 37ºC. 

Validation of MDPT and SPT on pre-enrichment broths for Salmonella resuscitation 
In Figure 4, the MDPT and SPT were applied and compared to capture the growth profiles of 
Salmonella enriched in different standard media, including NB, LB, BPW and TSB. The results 
confirmed the earlier finding that both MDPT and SPT generated growth profiles with a very high 
correlation. The cell count numbers at any given time were not significantly different (p≥0.05) in all 
media treatments.  
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Figure 4. Growth of S. typhi in various standard enrichment media (A: NB; B: LB; C: BPW 
and D: TSB) incubated at 37ºC incubated for 24 h enumerated by 2 methods (SPT vs MDPT). 

Generally, both protocols gave every small standard deviations; however, the exponential phase 
intrinsically possessed a higher variation of cell count due to the asynchronous nature of the stock 
culture. This large variation subsided as the cell growth reached its stationary phase. Only at the 
early stages of growth did the two techniques differ. MDPT returned no colony counts, whereas the 
SPT detected a few colonies in the order of 2 log magnitude. Again this happened because the 
detection limit of the MDPT was around 2 log CFU/ml as explained earlier. Nevertheless, the 
detection range of the rest of the growth profile was distant from this critical limit and suggesting 
that MDPT yields the same results as SPT. 

Study of non-selective growth kinetics for Salmonella 
Applying the logistic model (eq.1) to simulate the growth profiles, this sigmoidal-type model fit 
well to the unique s-shape characteristics excluding the death phase (Figure 5). The growth kinetics 
of Salmonella on different traditional enrichment broths (i.e. NB, LB, BPW and TSB) were 
estimated, including the maximum cell density (xmax), the maximum specific growth rate (µmax), and 
the inflection time (t0). The log-scale increment from the initial cell loading (2 log CFU/ml) to 5 log 
CFU/ml of the final cells was achieved within 10 h. The rapid growth during the pre-enrichment 
step was desirable; it promoted the target cell survival over the strong toxicity during the selective 
enrichment [18]. Preferably, the pre-enrichment should result in the proliferation of cell population 
at least 5 log CFU/ml prior to the selective enrichment process. 
 
 
 
 
 

(A) (B) 

(C) (D) 
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Figure 5. Growth of S. typhi in various standard enrichment media (NB, LB, BPW and TSB) 
incubated at 37ºC for up to 24 h. 

However, most standard protocols (e.g. BAM, ISO, etc.) prolong the incubation time to 16-24 h or 
overnight to ensure ample cell density [19]. A suitable cell density for any subsequent selective agar 
plating is a subtle factor in determining an appropriate enrichment period. The concern over the 
most effective choice of non-selective broth for Salmonella resuscitation was less critical [20]. 
Figure 5 shows all standard media returned similar growth profiles. Many studies comparing several 
nonselective media also showed a comparable proliferability [21]. The more relevant problem is the 
concern of the microbial population presented in real food products. After sub-lethal processing, 
that population most likely includes not only normal cells but also injured microorganisms 
(stressed, sub-lethally or reversibly injured) [22, 23]. The resuscitation and detectability of these 
injured cells is more pertinent to optimize the requirement of the non-selective enrichment. 

Figure 6 summarizes the key kinetic parameters extracted from the logistic function. The BPW and 
TSB growth profiles produced no statistical differences in xmax, µmax and t0 meanwhile the LB 
treatment significantly revealed less desirable values in all parameter comparisons to the other 
media. Growth kinetics in NB were more desirable than those in LB though TSB yielded the 
highest final cell numbers. pH fluctuations due to metabolites produced by microorganisms are 
known to occur [24, 25]. Moreover, the effect of LB is the alteration of acidity because S. typhi 
belongs to one of the lactose-positive Salmonella strains [26]. This microorganism can utilize the 
lactose presented in LB as an energy source and produce organic acids lowering pH in the broth. 
Hoffman et al. [27] demonstrated the potential resuscitation of Salmonella in lactose-containing 
media was significantly less when the final pH reached 4.4. Without lactose, the final pH decreased 
to only 5.7 and Salmonella grew to a higher cell density. In addition to providing conditions for the 
resuscitation and growth of cells prior to selective enrichment, BPW buffers the pH of the growth 
system against pH changes brought about by the growth and metabolism of micro-organisms during 
enrichment and those imposed by the food sample. 
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Figure 6. The kinetic parameters (A: Xmax; B: µmax and C: t0) of S. typhi in the presence of 
various standard enrichment media (NB, LB, BPW and TSB) incubated at 37ºC for 24 h. 

Conclusion 

The study of different pre-enrichment media for Salmonella pointed to the replaceablity of any 
standard non-selective substrates. Among the selected generic media used, LB should be the least 
preferable medium due to the promotion of acid production from lactose. This intensive study was 
facilitated by the development and application of the MDPT. The micro-scale cultivation allowed 
the efficient use of media and supplies. Also, the detection time of visualized colonies was 
significantly reduced using digital microscopic detection. The MDPT was successfully validated 
against the SPT with a high repeatability and good accuracy.   
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